A global proteomics strategy was initiated to decipher molecular mechanisms associated with the blood-brain barrier (BBB) phenotype of the brain capillary endothelial cells. The different methods implemented were shown complementarily. The main results obtained using an in vitro BBB model allowed highlighting the role of several protein actors of cytoskeleton remodelling, the involvement of the asymmetric dimethylarginine pathway in regulating endothelial function and the role of tissue non-specific alkaline phosphatase in the regulation of endothelial permeability.
Introduction
The blood-brain barrier (BBB) corresponding to the cerebral capillaries covers approximately 95% of the total area of barriers between blood and brain [1] . The morphology and functional properties of the brain capillary endothelial cells (BCEC) that form with other cells (Figure 1 ) the BBB are well documented: a decrease in endothelial permeability, fewer caveolae, the reinforcement of tight junctions, fewer pinocytic vesicles, an increase in the number of mitochondria and a higher transendothelial electrical resistance [2, 3] . The BBB contributes to the brain homeostasis by controlling the passage of endogenous and exogenous compounds and this is due, at least in part, to well-known proteins namely tight junction proteins, membrane transporters and metabolic barrier proteins. Closely associated to perivascular neurons, pericytes, and astrocytes, the BCEC constitute a functional neurovascular unit [4] .
Since its discovery one hundred years ago, the BBB has been the centre of many studies and, in more recent years, it has been increasingly analyzed by "omics". The genomic and proteomic investigations carried out in order to enhance our understanding of the BBB were recently reviewed [5] . Primarily, this work has demonstrated that expression profiling technologies are powerful and provide significant information on the brain microvessel endothelium. Genomics and proteomics provide different complementary data on a tissue; genomics show relative expression of membrane and released proteins, while proteomics indicate protein modifications and isoforme expression. Moreover, the characterization of endothelial cells highlights some brain specific proteins which could explain BBB features.
Study the BBB characteristics and features requires both in vivo and in vitro models each with unique advantages and disadvantages. Hence, in vivo experiments require high numbers of animals in order to isolate the microvasculature and the methods used could provoke stress for the endothelial cells [5] . In contrast, the tissue complexity cannot be reproduced with in vitro models, but in turn those models are more flexible, the medium can be renewed and complemented and also large quantities of well characterised cells can be easily obtained. Consequently, the latter characteristic has formed the basis of the proteomics strategy described henceforth.
The in vitro BBB model developed in our laboratory utilizes bovine BCEC that were purified to homogeneity by mechanical homogenisation and filtration [6] and subsequent co-culturing with murine glial cells. These particular culture conditions induce differentiation of endothelial cells which provide an in vivo BBB phenotype [7] .
As we have recently reported [8] , the advantage of global proteomics strategies is that no hypothesis is required, other than a measurable difference in one or more protein species between the samples. Global proteomics methods attempt to separate quantify and identify all the proteins from a given sample. The separation step can be carried out directly on proteins or on the set of peptides derived from the enzymatic digestion of the corresponding proteins.
In the effort to decipher molecular mechanisms for the establishment of the BBB, we have experimented with several methods and we demonstrated that the in-gel [9, 10] and the off-gel [9, 11, 12] approaches were complementary.
Optimisation of the Protocol
The in vitro model developed in our laboratory has two specificities, firstly the use of a collagen matrix, secondly the co-culture of the BCEC through a filter with glial cells. The first step was to adapt the technique to the model and to optimise the protocol to this culture mode. In preliminary experiments the particularities of the system were taken into account, 1) the fragility of the cells, 2) the presence of the collagen matrix and 3) the presence of serum proteins in the medium. Because cell harvesting, cell lysis and protein extraction procedures are unavoidable inseparable components of any cellular proteomics approach, the reproducibility directly depends on the care taken to prepare the protein samples. This first step could affect all the subsequent steps and of course, the final results.
Cell Culture
The BCEC were isolated and characterized as described [13] . Primary cultures of mixed glial cells were made from newborn rat cerebral cortex [14] . Glial cells were cultured in DMEM supplemented with 10% (v/v) heatinactivated foetal calf serum, 2 mM glutamine and 50 µg/ml gentamycin. Three weeks after seeding, the glial cell cultures were stabilized and used for co-culture.
When isolated in vitro, primary bovine BCEC dedifferentiate and lose their BBB functionalities (limited BBB; Lim. BBB). The latter can be restored by 12 days of co-culture (Figure 2 ) with glial cells [6] . For each individual experiment, the re-induced BBB (Re-ind. BBB) properties were confirmed by 1) measuring an optimal value for the paracellular permeability coefficient (Pe) and 2) immunostaining the main tight junction proteins (ZO-1, occludin and claudin-5). Each time the markers display a pericellular distribution in differentiated BCEC, which contrasts with the uniform pattern for dedifferentiated cells [11, 15, 16] .
Cell Harvesting
In order to avoid contaminant proteins originating from the serum used in the culture media, several harvesting conditions were used. The BCEC were harvested after several washes with calcium/magnesium free-PBS (CMF-PBS) according to a mechanical (scraped off into ice-cold CMF-PBS), a chemical (Versen TM solution) and an enzymatic method (porcine pancreas trypsin, or collagenase type XI) as described [10] . The enzymatic method using collagenase gave the best results [10, 17] , none of the highly-represented serum proteins such as BSA, heavy and light chains of IgG or a1-antitrypsin, were detected on the gel profiles.
Protein Sample Preparation
The cell pellet was subjected to a standardized ice-lysis procedure, by addition of 200 mL of lysis buffer (10 mM Tris-HCl, 1 mM EDTA (Na), 1% v/v Triton X-100, 0.1% v/v 2-mercaptoethanol and protease inhibitors), with vigorous agitation for 5 min and sonication (30 W, 20 s). The remaining insoluble material was then pelleted by centrifugation (13,500 × g, 4˚C, 45 min) and stored at −70˚C. Proteins in the supernatant were assayed with BSA as a standard [18] . The supernatant proteins were concentrated and delipidated overnight at −20˚C by addition of cold acetone (4 vol).
Global Comparative Proteomics Approach
Although marked progress has been made over the last decade, the process by which BCEC differentiate to obtain the BBB phenotype is poorly documented in molecular terms. In order to gain a deeper understanding of BBB-related molecular features, we have been applying a range of proteomic tools to our well-characterized in vitro BBB model for the last few years. We are particularly seeking to describe the protein abundance changes that occur during the glial cell-driven re-induction of the BBB phenotype in BCEC. 
Bioinformatics Resources and Protein Lists
Protein lists were compared using nwCompare software [19] . All identified proteins were converted into gene names with the database for annotation, visualization and integrated discovery (DAVID) bioinformatics resources http://david.abcc.ncifcrf.gov/home.jsp [20] , prior to sorting in the protein analysis through evolutionary relationships (PANTHER) classification system (www.pantherdb.org). Proteins are classified into families and subfamilies of shared function, which are then categorized by molecular function and biological process ontology terms [21, 22] .
In-Gel Profiling
The aim of the first approach was to determine by differential proteomic analysis the changes occurring in BCEC differentiated in co-culture with astrocytes compared with endothelial cells cultured alone. The two-dimensional gel electrophoresis (2-DE) steps, including the isoelectric focusing and SDS-PAGE conditions, the gel staining, the image acquisition and the comparative study were detailed elsewhere [17] together with examples of protein identification by peptide mass fingerprint (PMF) measured by MALDI-TOF-MS, and complementary data issued from peptide fragmentation fingerprints (PFF) that allow successful protein identifications. PMF-and PFF-analyses provide complementary datasets and thus, more comprehensive sequence coverage of the BCEC proteome, especially when they are combined together (PMF/PFF). Preliminary work [10] demonstrated the role of actin-binding and -bundling proteins, such as gelsolin, filamin-A, T-plastin and actin itself, in the establishment of the in vitro BBB phenotype of BCEC in response to stimulation by astrocytes. We also speculated that Ca 2+ and PIP2 are involved in the response to this stimulation. A thorough study [12] revealed differences in Triton-X-100-solubilized proteins from bovine BCECs with limited or re-induced BBB functionalities (cultured in the absence or presence of glial cells, respectively). The 81 proteins of differing abundance were linked to 55 distinct genes. According to the PANTHER classification system and Ingenuity Pathway Analysis, these quantitative changes mainly affected proteins involved in 1) cell structure and motility and 2) protein metabolism and modification processes. The fold-changes affecting HSPB1, moesin and ANXA5 protein levels were confirmed by western blot analysis but were not accompanied by changes in the corresponding mRNA expression levels. Our results revealed that the BCEC can adapt to variations in their environment and this involves the reorganization of the actin cytoskeleton contributing to the blood-brain barrier phenotype.
A differential gel electrophoresis (2D-DIGE)-based proteomics approach [23] confirmed that quantitative changes mainly concern proteins involved in cell structure and motility. Furthermore, the possible involvement of the asymmetric dimethylarginine (ADMA) pathway in the BBB phenotype re-induction process was suggested and potential role of ADMA in regulating endothelial function (in addition to its role as a by-product of protein modification) also anticipated. Purine nucleoside phosphorylase (PNPH) was also found to be more abundant in BCEC with Re.-ind. BBB phenotype. These results also suggested that the intracellular redox potential is lower in the in vitro brain capillary endothelial cells displaying re-induced BBB functions than in cells with limited BBB functions.
Label-Free Off-Gel Profiling
In this approach, the proteins in a sample are directly submitted to enzymatic digestion and the mixture of the genrated peptides, whose molecular mass ranges from 500 -4000 Da, are separated and subsequently analysed by MS. A differential nano-LC MALDI-TOF/TOF-MS study was performed with Triton X-100-soluble protein species from bovine BCEC displaying either Lim. BBB or Re-ind. BBB functions [9] . The complexity of the crude extract of Triton X-100 solubilised proteins from BCEC prevented efficient mass spectrometry (MS) fragmentation analysis and, thus, the identification of individual proteins. To attenuate this phenomenon the extracts were fractionated into 5 fractions of increasing concentration in acetonitrile (0%, 25%, 50%, 75% and 100%) as previously described [11] . Each fraction was subjected to the off-line 1D-LC separation, in which high numbers of components were MS-detected, approximately 15% of them were in-source fragmented and most of the MS/MS spectra provided unambiguous protein identities in the main fractions (F0, F25, F50 and F75) . Overall, the analysis enabled the identification of 436 and 408 proteins in bovine Lim. BBB and Re-ind. BBB, respectively. Eleven of these, ranging from proteins associated with assembly and organization of the cytoskele-ton [10] to those involved in vesicular transport and nucleic acid binding, appeared to be more abundantly in the cytoplasm of Re-ind. BBB cells, in particular tissue non-specific alkaline phosphatase (TNAP) and Eps15 homology domain-containing protein 1 (EDH1). This over-expression was accompanied by an increase in alkaline phosphatase (AP) enzymatic activity detected in the cells. Moreover, we found that endothelial permeability was significantly greater when AP activity was specifically inhibited with levamisole, suggesting that TNAP is involved in the regulation of endothelial permeability.
Isotope-Coded Protein Label (ICPL) Profiling
Besides the off-gel label-free profiling described above we started a quantitative evaluation of the differences in abundance between the BCEC with Lim. BBB and Re-ind. BBB functions via an ICPL approach, using a commercially available ICPL kit (Serva, Heidelberg, Germany). After their fractionation by increasing acetonitrile concentration, the proteins in each fraction (F0, F25, F50, F75 ) from Re-ind. BBB were labelled with the heavy isotope. Then, each fraction from Re-ind. BBB was mixed with the equivalent one from the Lim. BBB cells that were labelled with the light isotope. The consecutive nano-LC MALDI-TOF/TOF-MS analyses were performed in triplicate (unpublished data). Among the 412 proteins that were identified in at least two of the three replicates, 290 were quantified and when a threshold of 1.3 was retained for the regulation factor, 81 proteins were shown to be up-regulated in BCEC, with 34 and 47 in Re-ind. BBB and in Lim. BBB respectively.
Proteome Reference
The combination of 2-DE and 1D-LC approaches enabled the identification of about 430 Triton X-100-soluble proteins from BCEC with re-induced BBB functionalities [11] . Information on the proteins identified after 1D-LC MS/MS is shared through the PRIDE database for convenient comparison with proteomic datasets from non-brain vascular endothelial cells (http://www.ebi.ac.uk/pride under accession numbers 12825 to 12830). Due to the extraction conditions, only few proteins, less than 5%, were membrane-associated proteins. More than 75% of the identified proteins display binding, catalytic or structural functions. Most identified proteins were involved in metabolic and cellular processes but transport and cell-cell communication process accounted for almost 25% of the identified species. This also emphasized the advantage of inter-species sequence homology comparisons for protein identification in non-completely sequenced genomes and highlighted the drifts and drawbacks generated by the rapid, gel-free proteomic methods, which nevertheless provide most of today's data. In the absence of a physiological, human in vitro BBB model, the proteomics expression profile of BCEC displaying BBB properties is the first step towards the creation of an anti-BBB antibody library which will greatly facilitate large-scale, array-based screening of protein expression.
Membrane Proteins
The distribution and the nature of plasma membrane (PM) proteins in BCEC was assessed after surface biotin labelling, isolation of the labelled proteins with streptavidin affinity chromatography and identification with nano-LC MS/MS. Very few cytoplasmic proteins, secreted proteins or proteins added to the cell culture medium were recovered-despite their relatively high cellular abundance. We reported [24] on the novel identification of transmembrane and membrane-associated proteins in bovine BCEC with re-induced BBB phenotype. Our findings demonstrated the efficiency of the enrichment approach used, even though only about 30 proteins came from the BCEC PM. The fact that transmembrane and membrane-associated proteins accounted for less than half the identified proteins showed how difficult it still is to isolate, solubilise and digest hydrophobic proteins of low cellular abundance. Our results suggest that the specific properties of PM proteins must be taken into account when seeking to improve biotinylation, purification and identification methods. Furthermore, this study reported the identification of several proteins involved in cellular endocytosis, membrane trafficking and receptor internalization (such as EHD2 and myoferlin) together with their cellular partners. These proteins and the pathways of which they are a part may become new targets for increasing drug transport across the BBB.
Discussion
The acquisition of the BBB phenotype of BCEC was largely studied at a physiological level but is far from being well understood at the molecular level. The composition and protein-protein relations at the plasma mem- brane level of BCEC are now well documented [25, 26] but the cell differentiation process remains curiously less known at the cytoplasmic level. The solubilisation properties of the Triton X-100 allowed us to investigate a sub-proteome mainly composed of cytoplasmic proteins and thus to try to reveal potential molecular mechanisms involved in the establishment of the BBB phenotype. Using in-gel profiling (2-DE and 2D-DIGE) 152 different proteins were identified [10] [11] [12] 23] . The off-gel profiling (label-free and ICPL) allowed the identification of 719 proteins with only 100 common proteins between the two approaches, thus demonstrating that they are complementary ( Figure 3A) . This fact is reinforced when comparing the proteins identified and showing quantitative variations by three different ways ( Figure 3B) . Among the 166 proteins (total for Label-free, ICPL and 2-DE put together), 19 were found in two approaches and only 1 in all three. The main proteins identified during the global proteomics approach presented above and that were subjected to RT-PCR and/or immunoblotting validation to confirm quantitative changes are presented in Table 1 . The obtained results allowed highlighting the role of several protein actors of cytoskeleton remodelling, the involvement of the asymmetric dimethylarginine pathway in regulating endothelial function and the role of tissue non-specific alkaline phosphatase in the regulation of endothelial permeability. Furthermore, this study reported the identification of several proteins involved in cellular endocytosis, membrane trafficking and receptor internalization. Among the remaining identified proteins a selection is currently under investigation and will soon complete this figure.
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